Information transfer over long distances within the central nervous system is achieved because neurones are capable of generating and conducting action potentials. Such action potentials are the all or none signals or messages of the nervous system and depend on the operation of specialized membrane proteins called ion channels. More than 50 years ago, Cole and Curtis [16] showed that the electrical conductance of the nerve axon membrane increased during the action potential, suggesting that the movement of ions was involved. In 1952, Hodgkin and Huxley published a classic series of papers [43] describing formally the ionic basis of the action potential in terms of sequential membrane permeability changes to Na + and K + ions. Now, 40 years on, we are on the threshold of describing the molecular basis of excitability [10, 14, 15, 27, 54] . Thus the Na + and K + channels have been elevated from the status of mythical structures in the minds of electrophysiologists to a position where they are in danger of being crystallized. The combination of traditional biophysical and biochemical methods with the powerful techniques of molecular biology has advanced work in this field to the point that the structure of membrane Na + and K + channels is within reach [14, 15] . This review is intended as an introduction to the properties of neuronal Na + and K + channels, with some reference to the effects of anaesthetics. It will serve as a background to the material presented in subsequent reviews.
WHAT ARE ION CHANNELS?
Membrane ion channels may be visualized operationally as water filled holes or tunnels, providing an aqueous route for ions, to enable them to traverse the hydrophobic membrane interior. Their function is to translocate or "process" ions and for this reason they are often thought of as transport proteins, analogous to enzymes, their "substrate" being particular ionic species. The transit time for each ion in the channel is short so that the throughput or transport capacity of each channel is large (i.e. example between Na + and K + ions, achieving selectivities of 100:1 (the relative K + :Na + permeabilities) in the case of neuronal K + channels. For selective ion channels, these are named according to their principal permeant ion species, hence Na + and K + channels. For neuronal Na + and K + channels, the conductance (or permeability) of the channel is dependent weakly on temperature, suggesting that the energy barriers within the channel are small; ions moving or diffusing through the channel as they would in free solution. Indeed the weak temperature dependence of the ion permeation process of ion channels in general, is a feature which distinguishes this transport mechanism from that of a carriermediated process.
In this review, we focus primarily on the subclasses of ion channels which are voltage-gated. For example, voltage-gated Na + channels are first opened by membrane depolarization, that is activated, but then (after a delay) are also inactivated or closed by depolarization. These activation and inactivation reactions are the so-called gating processes and are thought to depend on the operation of different parts of the ion channel machinery (see below). Voltagegated K + channels are opened or activated also by membrane depolarization. Only certain subtypes of K + channels, for example the Drosophila Shaker A-type, inactivate also after a delay. One of the challenges of present research on ion channels is the prospect of being able to assign different properties, such as high selectivity and voltage-dependent gating (activation and inactivation) to different parts of the channel structure.
In addition to voltage-gated K + channels, there are K + channels which are (in some cases) voltagedependent, which can be regulated also by intracellular messengers, such as Ca 2+ and adenosine triphosphate (ATP).
Na + CHANNELS

Subtypes
The prime function of neuronal voltage-gated Na + channels is to generate the rapid depolarization of the action potential. When activated, these channels open, permitting the influx of Na + ions down a steep electrochemical gradient into the neurone. This generates an inward Na + current which can be detected electrophysiologically ( fig. 1A, B) . The family of Na + currents elicited in a membrane patch of an oocyte injected with the mRNA specific for rat brain sodium channel II. From a patch holding potential of -100 mV, depolarizing voltage pulses of 5-ms duration were applied to the patch pipette. The applied test potentials were from -50 mV to -lOmV (5-mV increments), -10 mV to +60 mV (10-mV increments). Each record represents the average of eight consecutive responses. B: Peak inward sodium current vs voltage relation for the current records shown in A. The reversal potential = 45 mV (from [86] ). Although there are strong similarities between Na + channels in different tissues, and indeed in different species, it is clear that subtypes of channels exist (see [9] ). This conclusion is based on biochemical evidence, such as the relative sensitivity of the Na + channel types to the neurotoxin, tetrodotoxin, and also electrophysiological estimates of, for example, conductance at the single channel level [91] . There are both electrophysiological data and cloning experiments suggesting that there are Na + channel subtypes in neurones also. In both peripheral nerves and central neurones, there are novel Na + channels which are activated by small depolarizations ("threshold channels") and slowly inactivate [24, 26, 64, 73, 86] . These Na + channels may be responsible for triggering action potentials and therefore subserve a rather different function to "traditional" voltage-gated Na + channels. How common these channels are is not yet known. Molecular biology also provides strong evidence for Na + channel subtypes in neurones. There are at least three Na + channel messenger RNA in rat brain from which cDNA and therefore the primary sequences of the respective Na + channels have been obtained [61] . These Na + channel messages showed more than 90 % sequence homology and clearly the individual Na + channels are expressed simultaneously in the brain tissue (although not necessarily in the same neurone).
NEURONAL SODIUM AND POTASSIUM CHANNELS
Density
There are a number of methods of calculating the Na + channel density of nerve membranes. First, this can be estimated from the density of receptor sites for specific toxins, such as tetrodotoxin. Second, this can be deduced from measurement of the total current generated when a population of Na + channel gates open, if the gating charge per channel is known (six equivalent charges per channel). Third, this can be derived by dividing the macroscopic maximal Na + conductance (unr 2 ) by the single channel conductance (generated by fluctuation analysis or by single channel current measurements). For neurones, estimates of Na + channel density are confined to peripheral nerves: values range from 35-530 um~2 of membrane in unmyelinated nerves to 2000-3000 um~2 of nodal membrane in myelinated systems. The greater the Na + channel density, the more rapid the depolarization rate of the action potential and the greater the conduction velocity. However, there is an optimum number which, when exceeded, results in reduced conduction velocity. At this point the movement of the gating charges (six per channel) as the membrane electric field alters contributes extra capacity current.
Subunit composition
For voltage-gated Na + channels, purification of the protein was possible because naturally occurring high-affinity specific toxins (e.g. tetrodotoxin) were available [2, 36] . The Na + channel from the eel electric organ (a rich source of membrane protein) was found to be a glycoprotein of approximately 1850 amino acids with a molecular weight of 280 kDa (table I). The carbohydrate component of the channel is approximately 20 % w/w (distributed extracellulary) and approximately 50 % of the sugar residues are sialic acids [10] . Na + channels purified from other sources, such as rat brain, possess a similar glycoprotein (the a subunit) and additionally, other smaller glycoprotein subunits (table I). Tetrodotoxin binding studies and Na + flux measurements show that if the a subunit is incorporated into phospholipid bilayers, functional Na + channels can be produced [70] . It appears therefore that the ion channel (aqueous pore and gating processes) resides in the a subunit, the function of the other subunits not yet being known. Patch-clamp studies in oocytes confirm this finding. Injection of oocytes from Xenopus laevis with mRNA produced by in vitro transcription of the cDNA encoding the sequence for the a subunit of the rat brain Na + channel II (subtypes of Na + channels exist), results in the expression of functional Na + channels with properties similar to the native Na + channel of rat nerve [86] . Primary structure of the Na + channel
BRITISH JOURNAL OF ANAESTHESIA
The biochemical identification and purification of the Na + channel provided the starting point for cloning of DNA (cDNA) complementary to messenger RNA (mRNA) coding for the Na + channel. Analysis of the nucleotide sequence of the cloned cDNA together with knowledge of the genetic code, yielded the entire amino acid sequence of the a subunit protein [62] . It was found that the a subunit consists of four repeated sequences of amino acids (I-IV), and that within each of these repeats there are thought to be six membrane-spanning hydrophobic domains (S1-S6) and connecting intra-and extracellular loops (see fig. 2 ). It is believed that the membrane-spanning domains assume an a helical structure. The aqueous pore of the channel is formed in this model by assuming that one or two of the membrane-spanning regions of each repeat are arranged like the staves of a barrel, forming the pore lining. There is evidence from work on the K + channel that this function is assumed by the membrane-spanning loop of amino acids between S5 and S6, often referred to as SSI-SS2 (short segments 1 and 2) (see fig. 6 ).
Several investigations have expanded the arguments so that it is now possible to assign functions to particular regions, or indeed even more impressively, to specific amino acids. The specific properties of voltage sensitivity, ionic selectivity and inactivation can begin to be described in molecular terms. Also, the target residues for specific toxins, such as tetrodotoxin have been defined. This exciting prospect is made possible by the combined use of sitedirected mutagenesis and patch-clamp recording in oocytes injected with mRNA derived from cDNA [35, 85, 86, 88] . One intriguing question is what is the basis of the voltage sensitivity of the Na + channel? One of the membrane-spanning regions, S4, is highly conserved between Na + channels from different species. It is also homologous to the equivalent regions of voltage-gated K + and Ca 2+ channels. It has therefore been proposed that the S4 region is the voltage sensor of the ion channel, that is this region may detect changes in the electric field within the membrane and respond by producing conformational changes in the channel protein.
For membrane depolarization (a less steep electric field) the conformational transition results in Na + channel opening. The simplest voltage sensor to visualize is a structure which is charged and may move under the influence of the electric field. What is unique about the S4 region is that there are positively charged arginine or lysine residues at every third position [62] . These positively charged, but still hydrophobic (and therefore membrane spanning), segments have the appropriate credentials to act as membrane "voltmeters". Supporting this view is the finding that if the positively charged amino acid residues are replaced by neutral or negatively charged residues (by site-directed mutations), the voltage sensitivity of the Na + channel gating is reduced. This is normally deduced from plots of Na + conductance (fNa or m^) vs voltage [85] .
Similar experiments indicate that a glutamate residue located in the extracellular loop connecting (in repeat I) the S6 domain with the SS1-SS2 loop (short segments 1 and 2, see figs 2 and 6) is the putative binding site for tetrodotoxin. Neutralizing this acid residue reduces dramatically the sensitivity of the Na + channel to tetrodotoxin [63] . Other mutations indicate that lysine and alanine residues, in repeats III and IV, are critical determinants of the ionic selectivity of the Na + channel. Do these residues form parts of the so-called selectivity filter of the channel structure [39, 40] ? An intracellular loop which connects repeats III and IV is likewise thought to be critical for the Na + channel inactivation process. The evidence is that cleavage of this linkage results in a dramatic reduction in the rate of channel inactivation after depolarization [85] . The inactivation machinery has long been known to be accessible to attack by enzymes (e.g. pronase) applied to the cytoplasmic side [6] so that it is not surprising that the inactivation gate resides allegedly on a cytoplasmic loop. In fact, it appears that cytoplasmic domains are important for inactivation of certain voltage-gated K + channels also. This may therefore be an additional uniform feature of channel structure.
Operational model of the Na + channel
It is now possible to imagine an operational model of the Na + channel protein, which highlights the unique properties of such a structure [41] . Figure 3 shows a schematic version of the channel. Functionally, it is convenient to distinguish between two fundamentally different channel operations: Na + channel gating and the Na + permeation process. Models of both these processes have been discussed in detail previously [11, 25, 41, 92] . As indicated above, there is now a clearer molecular picture of the voltage sensor which operates the channel gate to open the channel. This sensor responds to changes in the electric field in the membrane and the field profile depends in part on the size of the negative surface potential at the outer and inner surfaces of the membrane. These negative charges may be derived from phosphate groups or sugars, such as sialic acids (see fig. 3 ). Divalent cations, such as Ca 2+ and possibly certain anaesthetics (see below), can change the surface potential, modifying the electrical gradient within the membrane. The channel gate is represented as a barrier on the inner side of the channel where it is accessible to attack by chemical reagents.
Voltage-gated Na + channels are either fully open or closed: there are no intermediate conductance levels as is often found in other ion channels. At physiological ion concentrations, the channel is often treated as a one-ion pore, that is only one ion is allowed inside at any time [92] . The principal energy barrier to ion permeation occurs at a region within the channel which is oxygen-lined with an opening of 0.3-0.5 nm [40] . This is the selectivity filter (see fig. 3 ). Estimates of its size stem from studying what is permeant and what is not. Systematic analysis of the permeability of the Na + channel to different alkali metal cation and organic cations showed that permeability decreased with increasing ionic radius (e.g. Na + :K + permeability = 12:1). Some alkali metal cations (Li + , Na + , K + ), NH 4 + and several organic cations, which can form hydrogen bonds with the channel wall, pass through but no molecules with diameters of 0.6 nm or more are permeant [38] [39] [40] . Permeant cations are thought to interact with an acidic group within the channel during transit. Protonation of this group therefore results in reduced Na + channel conductance.
Modification of Na + channel properties
An array of agents modify the properties of neuronal Na + channels. Indeed some early valuable clues to the architecture of the Na + channel were provided by pharmacological studies with a variety of neurotoxins, enzymes and chemical reagents. For example, trimethyloxonium ion, which methylates carboxylic acids, decreases the binding of tetrodotoxin. This provided evidence that these groups are critical for the interaction of the toxin with the Na + channel [81] . Similarly, the finding that inactivation can be removed by intracellularly applied enzymes, such as pronase and trypsin, raised the possibility that residues, such as arginine or lysine, were important for the expression of inactivation. More recently it has been shown that sialic acids may influence Na + channel gating. Treatment of eel electroplax Na + channels (reconstituted into lipid vesicles) with neuraminidase to remove sialic acids, shifted the activation curve for the Na + channel conductance by more than 30 mV [67] .
For Na + channels it is important to distinguish between two classes of drugs with different actions. Toxins such as tetrodotoxin and saxitoxin (found in marine dinofiagellates) act as channel blockersliterally external plugs at the channel mouth. Many other naturally occurring neurotoxins and enzymes, however, modify the kinetics of gating. The proposed target sites for some of these agents are shown in figure 4. Clearly there are at least four different target sites for neurotoxins, each of which modifies the channel properties differently (see also [15] ). As indicated previously, tetrodotoxin and saxitoxin which carry guanidinium groups (guanidinium ions are permeant) enter the channel and block from the outside. Scorpion and coelenterate peptide and toxins also act from the outside but at a different site to that of tetrodotoxin. These toxins do not block Na + channels, in fact they slow Na + channel inactivation producing persistent inward Na + currents and prolonging the action potential. Scorpion peptide (3 toxin acts at a third external site to modify the activation of Na + channels. By shifting the voltage dependence of Na + channel activation in an hyperpolarizing direction, this toxin acts as a Na + channel agonist. Nature has provided a wealth of other Na + channel agonists which are lipid soluble toxins and which act at a separate site within the membrane. Such toxins include the alkaloid veratroidine (from the lily family), batrachotoxin (from the Colombian arrow poison frog) and grayanotoxins (from rhododendrons).
The neurotoxins, several enzymes and select chemical reagents have proved to be effective tools to dissect the properties of the neuronal Na + channel providing useful chemical information (in the days before molecular biology) on which to build a molecular picture of the workings of the channel protein.
Anaesthetic interactions
Local anaesthetics block propagating action potentials by "plugging" voltage-gated Na + channels at a site within the channel beyond the cytoplasmic gate. Many other anaesthetic classes (e.g. barbiturates, alcohols, inhalation) also modify Na + channel function [89] . In all cases these agents reduce inward Na + currents. However, it is important to note that this reduction is not always achieved in a uniform way. Several principal effects have been described which may be discussed in the context of the channel model shown in figure 4 .
Local anaesthetics are lipid soluble amines which are uncharged at pH > 8.5 and positively charged at pH < 6. The uncharged form is the lipid soluble one. Important clues to the mechanism of action of this class of anaesthetics came from experiments with QX-314 (a quaternary deviative with a permanent positive charge) and GEA-968 (a lignocaine analogue). QX-314 blocks Na + channels only when applied to the inside of the neurone and the drug has to access its binding site through the open cytoplasmic gate [84] . The drug also produces a cumulative block with repeated channel openings [84] , that is more anaesthetic becomes bound with each opening of the channel. This is known as usedependent block and can only be achieved if the anaesthetic does not unbind at rest [19] . Usedependent block is produced also by the hydrophilic GEA-968 [19] and the more hydrophobic lignocaine. The more frequently the Na + channels are opened, the greater the degree of block ( fig. 5 ). The difference with GEA-968 and lignocaine, however, is that they can exit the closed channel. Hence it is necessary to stimulate at a greater frequency to achieve cumulative block. In this case it appears that there is a hydrophobic route of exit (through adjacent lipid) in addition to a hydrophilic path through the open gate at the channel mouth ( fig. 5 ). This type of model, elaborated by Schwarz, Palade and Hille [76] , predicts that the more charged the local anaesthetic agent the closer its action will resemble QX-314 in producing use-dependent block. If the local anaesthetic is neutral, like benzocaine, the hydrophobic pathway dominates the interaction and there is no use-dependent block.
The multiple actions of anaesthetics can best be appreciated by comparing different classes of agents. The work of Haydon and colleagues illustrates this well [32] [33] [34] 37] . The hydrocarbons produce clear shifts in the negative direction of the steady state inactivation (h K ) vs voltage curve of the Na + channel of squid axon [32] . These agents also suppress maximum Na + conductance (#Na). This is explained by proposing that these agents thicken the membrane which is postulated to have two effects. First, the electric field profile would be reduced. This would account for the shift in the h m curve along the voltage axis. Second, it is suggested that this thickening results in destabilization of the Na + channel structure which clearly must span the membrane to remain functional. This might explain the supression of gNa. In comparison, the alcohols and inhalation anaesthetics produced smaller (or negligible) shifts in the h^ curve and smaller (or no) reductions in fNa [33, 34] . The implication is that these agents do not thicken the axon membrane or that another effect offsets any action of this type. In this context it is interesting to note that the alcohols and the inhalation anaesthetics shift the steady state activation vs voltage curve {m m ) in a depolarizing direction. This action is ascribed to an unequal effect of some of these agents on the external and internal surface potentials (see fig. 3 ). [12, 28, 51, 71] . This review can only hope to provide an introduction to the structure and function of this important ion channel family. Since the equilibrium potential for the K + ion is approximately -90 mV under normal physiological conditions, it is clear that activation of any of the K + channel subtypes will exert a repolarizing influence or induce hyperpolarization, depending on the voltage at which the channel is activated. In this sense, K + channel activation will result in an outward current which will tend to reduce membrane excitability, that is serve as an effective brake on the activity of the neurone.
Density
In the absence of appropriate ligands of high specificity for any K + channel, K + channel densities cannot be calculated readily by computing the number of binding sites (um~2) for an attacking molecule. Hence it is necessary to use electrophysiological estimates. As for Na + channels, estimates have been made by dividing the macroscopic peak conductance (um~2) by the single channel conductance. For the delayed rectifier K + current of peripheral unmyelinated nerves this yields a density of 20-30 (im" 2 . The density of delayed rectifier channels in the nodal membrane of myelinated nerves is considerably greater (100-1000 u.m~2). The density of packing in neuronal membranes of other K + channel subtypes is at present unknown.
Primary sequence of the channel
The small abundance of K + channel proteins in excitable membranes, coupled with their heterogeneity, has made it impractical to adopt the purification approach utilized so successfully for the Na + channel, although progress has been made with particular ligands [60, 68] . Fortunately, a mutation in the K + channel gene in Drosophila was known and this paved the way for a genetic approach. This Shaker mutation results in leg shaking under ether anaesthesia. Electrophysiological studies in Shaker mutant larvae showed that transmitter release at [47] . Therefore, this suggests one reason at the genomic level for the heterogeneity of K + channels. There are a number of genes which give rise to different channel protein products. Alternatively, post-translational events may be responsible for some of the diversity of K + channels. Posttranslational processing appears to confer sensitivity to charybdotoxin. Shaker K + channels are sensitive to charybdotoxin when expressed in oocytes but not in the muscle cells of Drosophila. The question of K + channel diversity has been discussed in detail elsewhere [47] .
The Shaker gene for the K + channel encodes for a protein which is equivalent to one of the four subunits of the Na + channel ( fig. 6 ). Functional K + channels are therefore thought to be formed from the co-assembly of four identical (or at least similar) subunits. The evidence that the functional K + channel was tetrameric was derived from experiments where different cDNA were expressed in the same oocytes. Imagine that the protein products of two separate cDNA were different in some way. Perhaps the products (channels) differ in their kinetics of inactivation or sensitivity to charybdotoxin. If the cDNA are now co-expressed then a heterotetrameric K + channel (or hybrid or chimeric K + channel) with properties intermediate between the two extremes was produced [45, 53] . Of course if the subunits of neuronal K + channels are different then such heterotetrameric channels would have properties different to homotetrameric channels. Perhaps this is another reason for K + channel diversity.
What is the arrangement of amino acids within one subunit? This is shown in figure 6 . As for the Na + channel, the amino acid chain makes a number of crossings of the membrane. There are six transmembrane-spanning segments (S1-S6), a short loop of amino acids within the membrane between S5 and S6 (known as SS1-SS2, short segments 1 and 2) and significant intracellular domains (the NH 2 and carboxyl termini). The total number of amino acids in the unit is 610. By analogy with Na + channels (see above), the S4 transmembrane segment, with basic residues at every third position, is thought to be the voltage sensor of the K + channel. Mutations within this region modify the voltage dependence of activation [52, 65] , although substitution of each of the seven positive charges (by glutamine) in turn did not produce an equal reduction in the sensitivity of the channel to voltage [65] . The arguments that the SS1-SS2 loop constitutes the ion pore of the K + channel are summarized elsewhere [48, 54] . The pore is thought to be formed from a stretch of approximately 19 amino acids. The evidence for this is derived from analysis of the target residues for charybdotoxin and tetraethylammonium ion and the effects of mutations on ionic selectivity. Site-directed mutagenesis identified two groups of amino acids (separated by a short stretch of amino acids) which are critical for the binding of charybdotoxin [56] . It was proposed that these were present at the mouth of the channel (see fig. 6 ). Mutations of residues 1 and 19 affect block by external tetraethylammonium ion: a mutation at residue 11 affects block by internal tetraethylammonium ion. Mutations at positions 3 and 11 increased the permeabilities to NH 4 + and Rb + over K + [94] . The interpretation of these findings is that the SS1-SS2 region, despite its short length, forms a hairpin turn within the membrane stretching from the outside to the inside channel mouth.
What is the mechanism of K + channel inactivation? The Shaker K + channel family members possess both variable inactivation rates and a different amino acid sequence in the intracellular amino and carboxyl termini. This suggests that these intracellular loops constitute part of the inactivation gating machinery (see Na + channels above). The fast inactivation process of the Shaker K + channel has little voltage dependence: this supports the view that the inactivation gate resides in a domain that does not span the membrane. Site-directed mutagenesis in conjunction with patch-clamp recording in oocytes has pinpointed the inactivation gate [44] . Removal of positively charged residues (lysine and arginine) slowed dramatically the inactivation rate. In an elegant set of experiments, Zagotta, Hoshi and Aldrich showed, in expression studies, that internal application of a synthetic peptide (first 20 amino acids of the NH 2 terminus) to an inside-out membrane patch containing non-inactivating mutant channels restored fast inactivation [95] . The inactivation gate can be visualized physiologically as an open channel blocker [20] . The "receptor" for the inactivation gate is thought to reside with acidic residues in the S4-S5 loop [46] . The NH, terminus gate (20 amino acids) of the channel protein is attached to the cytoplasmic side of the channel (by about 60 amino acids) and somehow "swings in", binds to the S4-S5 loop and blocks the channel. This is the "ball and chain" model of channel inactivation proposed initially for the Na + channel by Armstrong and Bezanilla [5] . One obvious difference between the K + channel and the Na + channel inactivation processes is that in the case of the former, there are four tethered inactivation gates.
Pharmacology of K + channels
Although there are few modulators of K + channel function which act with the same specificity as the neurotoxins do for the Na + channel, several interesting K + channel blockers are available which have been useful both in dissecting macroscopic K + currents and in the study of single channels [13, 59, 60, 68] . The more important of these and their targets are shown in table II. Because these ligands block K + channels, removing the restraining influence on membrane excitability, these agents (e.g. aminopyridines, dendrotoxin) often have convulsant properties, although there are differences in the type of convulsion produced. The interaction of the tetraethylammonium ion with the delayed rectifier channel has been the most extensively studied and has generated the first "molecular" description of K + channel function [3, 4] . Some aspects of this interaction are outlined below. The aminopyridines (e.g. 4-aminopyridine) and dendrotoxin (peptide isolated from the venom of the green mamba, Dendroaspis angusticeps) block A and D type K + channels which carry transient outward currents [29, 83] in response to depolarization (i.e. they show inactivation). Ca 2+ -dependent K + channels in neurones (as in other tissues) may be distinguished on the basis of their respective single channel conductances. In patch-clamp recordings with symmetrical 140 mmol litre" 1 of K + solutions, these are approximately 200 pS and 20 pS for the maxi-K + channel and the SK K + channel, respectively [49, 50, 78] . The maxi-channel is also more sensitive to voltage than the SK subtype. The fraction of time the maxi-K + channel spends in the open state, which depends on both the frequency of opening and the average duration of the open state of the channel, increases markedly with depolarization. In some tissues the maxi-K + channel and the SK subtype can be distinguished by sensitivities to the blockers charybdotoxin and apamin (bee venom peptide). This is also true for the anterior pituitary cell line, GH 3 cells [50] , but may not be the case for neurones [49] . These blocking agents have been useful tools in the study of K + channels and in some cases molecular biological studies have now pinpointed the binding sites. However, these agents often affect more than one K + channel type [55, 66] . In addition to K + channel blockers a range of K + channel openers are known [18, 21] . The actions of these blockers on neuronal K + channels are not yet clear. One probable target for these agents is the neuronal ATP-sensitive K + channel [8] .
The actions of some of the blockers have been analysed in detail and it appears that tetraethylammonium ion and charybdotoxin are channel plugs. Interestingly there are receptors for tetraethylammonium ion on both the outer and inner aspects of the delayed rectifier K + channel. In squid axon, only internal tetraethylammonium is effective. In myelinated nerve, tetraethylammonium ion acts both internally and externally. A systematic analysis of K + channel block by tetraethylammonium ion in the squid axon was carried out by Armstrong and colleagues [3, 4, 7] . Their conclusions, which are still valid, are that the receptor or binding site for tetraethylammonium ion is in the channel beyond the gate, and that access to this site from the axoplasmic side is possible only when the channel gate is opened. The block is achieved more readily by quaternary derivatives of tetraethylammonium ion (QA), such as nonyltriethylammonium ions which have a longer hydrophobic tail. The block persists as long as the tetraethylammonium ion or QA ions are trapped beyond the gate of the closed channel, and the channel must open to allow the blocking ion to exit. These ideas are analogous to the proposals for block of the Na + channel by local anaesthetics and indeed preceded, and no doubt prompted, such thinking. Part of the evidence for the model of the interaction of tetraethylammonium ion with the delayed rectifier is that internal tetraethylammonium ion blocks outward K + current more readily than inward K + current. Also, external K + promotes the dissociation of the blocking drug from its binding site, that is inward K + currents reduce the block by tetraethylammonium ion. If the blocking position for tetraethylammonium ion lies within the channel beyond the channel gate, this means that the architecture of the K + channel would resemble that proposed for the Na + channel, with a wide aqueous chamber between the channel gate and selectivity filter. Block of the maxi-K + channel by tetraethylammonium ion has been studied also in some detail in sympathetic neurones under patch-clamp [78] . The drug is less effective internally than externally and the block-unblock process is faster (i.e. the lifetime of the tetraethylammonium ion receptor complex is shorter) with internal tetraethylammonium ion. In the squid giant axon, the repolarization of the action potential is brought about by activation of the delayed rectifier. Block of this channel by tetraethylammonium ion therefore increases the duration of the action potential. In hippocampal neurones, repolarization of the action potential is slowed by both tetraethylammonium ion and charybdotoxin (a maxi-K + channel blocker). This raises the possibility that the maxi-K + channel mediates repolarization of these neurones [82] . The after-hyperpolarization after a single action potential is also reduced by charybdotoxin in the hippocampus. It may be that more than one K + channel subtype is responsible for repolarization in some central neurones.
Transient K + currents, such as the A current, are activated on depolarization, then as the channels inactivate rapidly (< 100 ms), the current decays. Such A type channels are important determinants of neuronal excitability and the action potential firing pattern also. If the A channel is blocked by 4-aminopyridine for example, the threshold current may be reduced (excitability increase) and repetitive action potential discharge may be produced. For the A channel to be effective however it is important to note that the resting membrane potential of the neurone must be sufficiently negative to remove A channel inactivation.
This certainly occurs during the after-hyperpolarization after an action potential and for this reason it was originally proposed that the A current, primed by hyperpolarization but switched on by depolarization, acted to oppose depolarizing currents and therefore controlled the rate at which the membrane potential approached the threshold for action potential generation. In this sense the A channel is setting the frequency of action potential discharge.
Other K + channel subtypes modulate firing patterns. These include the D channel [83] , the M channel [12] and the SK channel [49] . One interesting and important property of central neurones is their ability to accommodate to a depolarizing input. This feature of neuronal behaviour has been studied in detail in motoneurones and in hippocampal neurones where the accommodation of action potential discharge is controlled by a Ca 2+ -activated K + conductance (probably supported by the SK channel), and in the case of hippocampal neurones, the M conductance [58, 93] . These K + channel subtypes exert a braking influence on the activity of the neurone such that a repolarizing "sag" is often observed during the response to depolarization and a large multi-component after-hyperpolarization follows the response (see fig. 7 ). Block of these channels receptor agonists [23, 69] . It is clear that many transmitter substances express their action via K + channel subtypes. This effect is so widespread that where the transmitters activate the conductance and induce hyperpolarization (e.g. dopamine) [69] , a separate category of K + channel subtype, the agonist activated K + channel, may be proposed [28] .
Effects of anaesthetics
Anaesthetics affect several different K + channel subtypes [80, 89, 90] . As a consequence, they increase the duration of the action potential, depolarize or, more usually, hyperpolarize and modify discharge patterns-for example reduce the accommodation of action potential discharge. Indeed it appears that in invertebrate neurones there is a class of K + channel which contributes to the resting conductance and potential which is particularly sensitive to volatile anaesthetics. There is an interesting difference between the effects observed in the two systems studied however. For the squid giant axon, general anaesthetics block a K + channel and depolarize [31] : for neurones of Lymnea stagnalis, anaesthetics activate a K + channel and hyperpolarize [22] . This latter effect, which is more common across the species (see [80, 90] for references), is shown in figure 9 . Volatile anaesthetics and methohexitone often hyperpolarize hippocampal neurones, presumably by activating K + conductance [79, 80] . It is tempting to speculate that the K + channel subtype is the agonist-activated K + channel (see above), switching on of which often produces hyperpolarization. It appears that in hippocampal neurones, at least some anaesthetics have a dual action since they can also reduce accommodation of action potential discharge and the following after-hypepolarization. This effect is analogous to that of many transmitters and is shown in figure 10 . The implication is that the activity of the M and SK type K + channels is suppressed by these anaesthetics. There are voltageclamp data to support this conclusion in the case of the M channel [90] . These effects of anaesthetics on K + channel subtypes may underlie the changes in neuronal excitability and firing patterns often observed with such agents.
